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Since the publication of a seminal study
by Wertheimer and Leeper,' scientists have
attempted to make sense of provocative and
sometimes conflicting studies about the pos-
sible association between exposure to elec-
tric and magnetic fields and the incidence of
disease. As this controversy continues, orga-
nizing and reviewing the extant data can pro-
vide important insights into the consistency
of the results, gaps in our investigative strate-
gies, and limitations in our understanding.
Toward that end, this article presents a meta-
analysis of the most compelling subset of
these data: data on residential exposure to
magnetic fields and the incidence of child-
hood leukemia. It is an attempt to gain an
understanding of the importance of individ-
ual studies in driving overall conclusions
about a possible link between magnetic
fields and cancer and of the constraints that
would be necessary on any future study for it
to have sufficient statistical power to influ-
ence the present overall conclusions.

Meta-analysis is a statistical method
used to provide a single summary risk esti-
mate based on a set of similar epidemiologic
studies.23 It is applied most often to clinical
trial data in which the major differences
among studies are the specific populations
examined rather than characteristics of the
study designs. The validity of broadening the
application of this method to environmental
epidemiology has led to controversy because
of the heterogeneity in results that often
arises from design differences among studies
in exposure assessment, confounder assess-
ment, subject selection, and so forth.4- How-
ever, meta-analysis methods can also be used
in a less statistically rigorous manner to eval-
uate the strength, consistency, and robustness
of an exposure-disease relationship. This
article presents one such application.

Of the 16 epidemiologic studies to date
(see Table 1), some have reported positive
results and others have found no association.
Scientists disagree about the quality, bias,

accuracy, uncertainties, and many of the sta-
tistical analyses in each of these studies;
thus, there are differing interpretations of the
likelihood of a possible association over-
all.9"- While some investigators question the
validity of drawing inferences based on 16 or
fewer studies with apparently inconsistent
results, the ubiquitous nature of exposure to
magnetic fields from power lines makes
even a weak association a public health issue
of substantial concem. Meta-analysis, while
no better than the data on which it is based,
can help frame the public health debate
while also providing insights for the design
of additional studies.

Five sets of investigators have previ-
ously conducted meta-analyses of childhood
cancer and residential exposure to magnetic
fields. A report by Great Britain's Advisory
Group on Non-lonising Radiation of the
National Radiological Protection Board
summarized the results of the residential
exposure studies, providing pooled odds
ratio estimates for 3 studies for each expo-
sure metric." For wire codes (a categorical
exposure rating scheme based on wire size
and distance from the residence), excluding
the Wertheimer and Leeper study,' the group
found an elevated and statistically significant
odds ratio. For distance from source of mag-
netic fields and for measured magnetic
fields, the pooled odds ratios were elevated
but not statistically significant.

Ahlbom et al.9 combined results from 3
recent studies conducted in Nordic coun-
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TABLE 1-Epidemiologic Studies of the Association Between Exposure to Electric and Magnetic Fields
and Childhood Cancer

Potential Confounders
Assessed

Exposure

Calculation of
Wire Spot Meas- 24-Hour Historical
Codes Distance urements Measurements Magnetic Fields

Wertheimer and Leeper' Case-control

Fulton et al.33

Tomenius39

McDowall2l,a
Savitz et al.34

Coleman et al.36

Lin and Lu23 b

Myers et al19c

London et al.35

Lowenthal et al.2d
Olsen et al.12

Age
Residence location

Case-control Age

Case-control Age
Sex
Residence location

Cohort None
Case-control Age

Sex
Residence location

Case-control Age
Sex
Residence location
Onset age

Case-control Age
Sex

Case-control Age
Sex
Residence location

Case-control Age
Sex
Ethnicity

Case-control
Nested case-control

Feychting and Ahlbom14 Nested case-control

Fajardo-Gutierrez et al.3'
Petridou et al.38
Verkasalo et al.'
Schreiber et al. a

Case-control
Case-control
Cohort
Cohort

Unknown
Age
Sex
Age
Sex
Residence location

Unknown
Unknown
5-y age group
Residence date
Dutch nationality

Sex
Onset age
SES
Family pattern
Traffic density
SES
Onset age
Residency permanence

SES
Traffic density
Matemal age
Matemal smoking in pregnancy
Patemal education
Age
Sex
SES

None

Residence type

SES
Residence type
Appliance use
Parental occupation
Environmental exposures

Onset age

SES
Residence type
Diagnosis year
Nitrogen dioxide exposure

Note. SES = socioeconomic status.
aExcluded from the meta-analysis because subjects included both children and adults.
bExcluded from the meta-analysis because data were unpublished.
cExcluded from the meta-analysis because data were incomplete.
dExcluded from the meta-analysis because the study's analysis was incomplete.

tries,12-14 arguing that they were more similar
to one another than to other studies (each used
a population registiy and estimates of histori-
cal exposure) and were thus appropriate for
use in a meta-analysis. By combining risk
ratios found in these studies with weights pro-

portional to the inverse of the variance,
Ahlbom et al. found statistically significantly
elevated risk ratios for leukemia.'5

Washburn et al. conducted a set of meta-
analyses for leukemia, lymphoma, and nervous

system cancers.16 They found that the com-

bined risks estimated from 13 studies were ele-
vated for all 3 outcomes; those for leukemia

were statistically significantly elevated for sev-

eral altemative exposure groupings.
In their meta-analysis, Miller and col-

leagues compared exposure measurement
techniques.'7 Using 7 studies to assess the
childhood leukemia risk, they found a statis-
tically significant positive association of
childhood leukemia with wire codes (n = 4),
distance (n = 2), and calculated index (n = 1),
and a nonsignificant positive association
with spot measures (n = 4).

Meinert and Michaelis conducted the
most recent meta-analysis. They considered
reported cancers by type, for a variety of

exposure metrics, grouping 2 to 6 studies at a
time.'8 They found statistically significant
associations of leukemia with wire codes and
magnetic fields but not distance, and non-

significant positive associations for lym-
phomas, central nervous system tumors, and
all tumors (data for the highest magnetic
field were statistically significant).

The present study enhances previous
meta-analyses in 2 ways. First, it assesses het-
erogeneity among studies, influence of indi-
vidual studies, and possible publication bias.

Second, it considers all studies to date, both
stratified by exposure type and combined.
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Magnetic Fields and Leukemia

Methods

There are 2 important methodological
aspects to conducting a traditional meta-
analysis: study selection and choice of statis-
tical methods of summarizing results across
studies.

Selecting the Studies

Studies for this analysis were identified
from previous reviews and by asking
researchers active in this field for recommen-
dations. Overall, 16 studies of residential
magnetic field exposures and childhood can-
cer were reviewed (see Table 1). Of these, 5
were excluded because data presentation or
analysis was incomplete,9"20 children were
not analyzed independently of older
subjects,2 122 or the data were not published
and thus were inaccessible.23 In the remain-
ing 11 studies, variation is introduced by out-
come studied (1 was a mortality study, the
rest incidence studies); source of data (hospi-
tal records, incidence registry, birth registry,
death registry); maximum age of subjects
(from 10 to 20 years); and exposure metric
used (wire codes, distance from electrical
source, measured magnetic field, and histori-
cal reconstruction of magnetic field).

The data were stratified by exposure
metric, and (relatively) consistent exposure
cutpoints (i.e., dichotomous exposure classi-
fications) were used in each analysis to maxi-
mize the consistency of exposure among sub-
jects across studies.5 Although Washbum et
al.'6 reported that use of altemative cutpoints
did not alter their meta-analysis, Wartenberg
and Savitz24 showed for an individual study
and Meinert and Michaelis'8 showed for
meta-analysis that cutpoint choice can be
important. In this article, separate analyses
are reported for (1) studies using wire codes,
considering 2 altemative exposure cutpoints;
(2) studies using only distance from electrical
source, considering 2 distance cutpoints; (3)
studies using wire codes or distance, consid-
ering 3 altemative cutpoints; (4) studies using
magnetic field measurements, considering 1
cutpoint; (5) studies using historical recon-
struction of magnetic fields, considering 1
cutpoint; and (6) all studies together. Three
separate analyses were conducted for the last
category, using (a) the exposure type/cutpoint
that gave the smallest probability of the null
hypothesis, (b) the exposure type/cutpoint
that gave the largest probability, and (c) the
highest exposure proportion in each study.

Selecting the Statistical Methods

A variety of methods have been used
to assess combined effects, to identify

heterogeneity, and to conduct influence
analyses.2'3'25-2"

The simplest method, called vote count-
ing, results in tallies of the number of studies
with positive results, the number with nega-
tive results, and the number with null results.
Many criticize this approach because it has
low statistical power and because the sum-
mary measure does not incorporate the
observed effect size or sample size.25 How-
ever, even with low power, positive results
can be interpretable and thus are reported
here, although merely for guidance.

The combinedprobability test combines
the logarithms of individual study probabili-
ties (P values) into a X2 distributed statistic,
P, with the degrees of freedom equal to
twice the number of studies combined.

Statistics that summarize the individual
effect sizes use either of 2 statistical models:
fixed effects or randonm effects. The fixed-
effects model assumes that the studies have
the same true effect size. Within-study preci-
sion (i.e., an overall treatment effect) is
assessed by weighting individual study results
by the inverse of the variance. The random-
effects model assumes that the studies
included have different true effect sizes that
fonn a statistical distribution, and it estimates
the average effect for the whole population on
the basis of observed data, including both
interstudy variation (i.e., a sampling effect)
and intrastudy precision (i.e., a treatment
effect).2829 Model choice may be based on
results of the Q test for heterogeneity, which
assesses constancy of treatment effects.6'30

Influence analysis is the recalculation of
summary indices for a set of studies, leaving
out one study at a time. It indicates the
importance of each individual study in the
combined summary statistic and enables one
to determine whether any of the studies has a
disproportionate influence.8

Publication bias can be assessed by
combining z scores of individual studies and
determining the number of additional null
studies needed to reduce a statistically signif-
icant combined effect to nonsignificance.31'32
This number is called thefail-safe n.

Similarly, using the combined-effect
measure, one can assess how large a study
would be required to balance the average of
reported results if they were due to random
fluctuations. This can be viewed as the sensi-
tivity of the cumulative results, either to pub-
lication bias or to results of future studies.
We can determine what size a single study
would have to be to give a null summary sta-
tistic (i.e., an odds ratio of 1.0) if that hypo-
thetical study had equal numbers of cases
and controls, an exposure prevalence equal
to that observed in reported studies, and an
odds ratio equal to the reciprocal of the com-

bined effect. Unlike the fail-safe n, this cal-
culation uses the size of the effect measure,
weights each study result by the inverse of
its variance, hypothesizes a study with a pro-
tective rather than a null effect, and seeks a
null rather than a nonsignificant combined
effect.

Results

The 16 studies ofresidential exposure and
childhood cancer used in the meta-analysis
are described in Table 1. A table of the data
used is available from the National Auxiliary
Publications Service (NAPS; see Acknowl-
edgments). Results of 2 particular analyses
are shown in Tables 2 and 3. Summaries of
all analyses are provided in Table 4.

Results of analyses of data from indi-
vidual studies and selected meta-analyses are
shown in Figure 1. The odds ratio (dot) and
its 95% confidence interval (vertical line) are
plotted for each dichotomous cutpoint of
each exposure metric of each study. The
expected null effect, an odds ratio of 1.0, is
shown by the horizontal line. The ordinate
scale is logarithmic. The data are arranged
by exposure metric used; within exposure
metric, ordered by the value of that metric;
and for metrics of the same value, ordered by
the year of the study.

For instance, the first 3 groups of stud-
ies are wire code studies: very low current
configuration (VLCC), low current configu-
ration (LCC), and high current configuration
(HCC), each as reported by the authors. (The
VLCC category includes buried, under-
ground, and end-pole configurations.) The
number below each line identifies the spe-
cific data as listed in the table available from
NAPS, by the plot ID number in the last col-
umn of that table. The first data line, denoted
by 1, is from Wertheimer and Leeper,' for
wire codes at residence at the time of birth
with end poles as the exposure cutpoint; the
second, denoted by 4, is from the same study
but assessed at residence at the time of death,
with the same exposure cutpoint. The next
line, denoted by 7, is from Fulton et al.,33
with the reported cutpoint ofVLCC.

The next 2 sets of data used distance as
the exposure metric. The first set used dis-
tance of distribution lines and the second set
used distance of other features (e.g., trans-
formers, substations, and transmission lines
in Fajardo-Gutierrez et al.37).

The final 3 sets of data represent studies
in which magnetic fields were reported. The
first set reported spot measurements; the sec-
ond, 24-hour (day-long) measurements; and
the third, historical calculations. Meta-analysis
results for data subsets are denoted in the fig-
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ure by numbers preceded by an M. These are

listed in the plot ID column in Table 4. One
striking observation is the preponderance of
odds ratios at or above the null effect line.
Only 8 of the 53 odds ratio dots fall below
the null effect line, and 4 of these are for
measured magnetic fields. This figure is
analogous to an unweighted vote-counting
assessment and strongly suggests an associa-
tion between exposure to magnetic fields and
childhood leukemia.

Wire Code Studies

I evaluated the 4 wire code studies using
2 different groupings of several categories,
using LCC and then HCC as the dichotomous
cutpoint.133-35 The results were fairly similar,
although, surprisingly, the results showed
slightly stronger evidence for an association in
the LCC analysis than in the HCC analysis.

Distance Measurement Studies

Four studies used distance to estimate
exposure, with cutpoints of 50, 100, and 200
M. 6-4,38 The proportion of exposed cases

was similar with both cutpoints, but this was
due largely to the inclusion of the Petridou et
al. study in the 50-m class.38 Exclusion of
this study brought the proportion exposed in
the 50-m-cutpoint category down to 10%,
substantially less than the 27% exposed in
the l00-m-cutpoint category. The results for
the higher exposure category (i.e., 50 m)
showed stronger positive associations, as

would be expected ifan association exists.

Studies Using Wire Codes and Distance
Measurements

Since distance is an important compo-
nent of the wire coding scheme, this analysis
combined the following metrics: LCC with
100 m, LCC with 50 m, and HCC with 50 m.

For studies with both distance and wire code
data, wire codes were used. Seven studies

were available. All 3 combinations gave

fairly similar results, showing statistically
significantly elevated odds ratios, moderate
insensitivity to deletions of single studies,
and a need for large fail-safe n's and sample
sizes to balance the observed data, indicating
substantial robustness to results from addi-
tional studies.

Spot Measurement Studies

Spot measurements were combined from
4 studies, by using the cutpoint closest to 2.0
mG across all studies.l4343539 For the Savitz et
al. study,3 exposures measured with the appli-
ances turned off (low power) were used. A
nonsignificant, slightly negative result was

found.

Studies Using Calculations ofHistorical
Magnetic Fields

Three Nordic studies reported calcula-
tions of historical magnetic fields.'2-'4 Using
a cutpoint close to 0.2 gT resulted in a posi-
tive, statistically significant result.

All Studies Combined

An analysis of all studies combined,
using the smallest probability, which biases
the result, showed significance for both het-
erogeneity and elevated odds ratio. The single
most influential study was that of Fulton,33
which pulled down the odds ratio from 1.81
to 1.64. When the data using the highest
exposure or cutpoint were combined, the
analysis showed marginal heterogeneity and a

statistically significant, elevated odds ratio. A
combined-studies analysis using the largest
probabilities, which biases the result toward
protection, showed homogeneity, and the
slightly positive effect was not statistically
significant. The deviation of the odds ratio
from the null was far less than that observed
for the combined-studies analysis using the
smallest probabilities.

Discussion

This paper evaluates the role of random
variation in epidemiologic studies examin-
ing residential magnetic field exposure and
childhood leukemia. The results of this
meta-analysis suggest that the data cannot
be explained statistically on the basis of ran-

dom fluctuations alone, and these results
show little sensitivity to how the data were

grouped. Publication bias is an unlikely
explanation, inasmuch as several negative
studies have been published and, generally,
a large fail-safe n or study size is needed to
negate the observed results. However, the
inconsistency of statistical results when
measured magnetic fields are used, vs other
exposure metrics, remains an enigma. Expo-
sure misclassification, which typically
biases the results toward the null, may play
a role.

Consider the evidence piece by piece.
First, and perhaps most striking, is the simple
graph of the odds ratios (see Figure 1). The
preponderance of positive associations across

metrics (except spot measures) and exposure

cutpoints speaks to the overall consistency of
the data. While there are issues of indepen-
dence of results, weighting of multiple results
from the same study, and possible biases in
each study, the pattem is not random.

Further, the vote-counting results show
that in of the 12 groupings, at least half of
the results had elevated odds ratios, whereas
this pattem was expected in only 6 groupings
(Table 4). The exception is for the grouping
of the weakest (or most protective) responses
in each study. In 9 of the 12 groupings, the
number of statistically significant odds ratios
exceeded the 5% expected by chance,
whereas this was expected only once. In 8 of
these 9 groupings, at least 25% of the results
were statistically significant, and in 5 group-
ings more than 30% were statistically signifi-
cant. The analyses that had no statistically
significant results were those for group of
distance studies, the group of spot magnetic
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TABLE 2-Results of Analysis of Studies Using Wire Codes (Low Current Configuration)

No. of No. of Exposed Influence Analysisa Individual ORFxed effects ORRandom effects
Study Exposed Cases Cases Expected Combined P OR (95% CI) (95% CI) Pr{Qhe,}b (95% CI)

Wertheimer and Leeperlic 52 22.77 .01 2.28 (1.34, 3.91) 1.35 (1.06, 1.73) .16 1.36 (0.97,1.91)
Fulton et al.33 87 86.50 .00 1.00 (0.67,1.49) 1.78 (1.36, 2.33) .55 1.78 (1.36, 2.33)
Savitz et al.34 27 17.58 .00 1.54 (0.90, 2.63) 1.47 (1.15, 1.88) .04 1.53 (0.97, 2.42)
London et al.35 122 72.46 .00 1.68 (1.14, 2.48) 1.39 (1.05, 1.82) .05 1.48 (0.91, 2.42)
All combined 288 199.31 .00 ... 1.48 (1.18,1.85) .08 1.52 (1.08, 2.14)

Note. Sample size needed to balance observed results = 1294; fail-safe n = 16. OR = odds ratio; Cl = confidence interval.
aInfluence analysis is the recalculation of summary indices for a set of studies, leaving out one study at a time.
bProbability of homogeneous study results, based on the X2 heterogeneity test statistic Q.6'28'30
cData used in the analysis reported here were for residential exposure at the time of birth.
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No. of No. of Influence
Exposure Exposed Exposed Cases Analysisa Individual OR Fixed effects OR Random effects

Study Definition Cases Expected Combined P OR (95% CI) (95% CI) Pr{Qhet) (95% CI)

Wertheimer and Leeper' LCC (at birth) 52 22.77 .01 2.28 (1.34, 3.91) 1.31 (1.06,1.62) .29 1.32 (1.03,1.68)
Fulton et al.33 LCC 87 86.50 <.01 1.00 (0.67,1.49) 1.58 (1.26, 1.99) .32 1.58 (1.23, 2.03)
Savitz et al.34 LCC 27 17.58 <.01 1.54 (0.90, 2.63) 1.40 (1.13, 1.72) .09 1.43 (1.04,1.96)
Coleman et al.36 Distance <lOO36 6 38.77 <.01 0.93 (0.54,1.60) 1.51 (1.22,1.86) .21 1.54 (1.18, 2.01)
London et al.35 LCC 122 72.46 <.01 1.68 (1.14,2.48) 1.33 (1.06,1.67) .12 1.39 (1.01, 1.91)
Feychting andAhlbom'4 Distance <100 m 12 7.42 <.01 1.62 (0.79, 3.30) 1.40 (1.14,1.72) .09 1.42 (1.05,1.92)
Fajardo-Gutierrez et al.37 Distance <200 m 6 2.61 <.01 2.30 (0.54, 9.80) 1.40 (1.15, 1.71) .10 1.42 (1.07, 1.87)

All combined 342 248.11 <.01 ... 1.41 (1.16, 1.72) .14 1.44 (1.10, 1.87)

Note. Sample size needed to balance observed results = 1765; fail-safe n = 26. OR = odds ratio; Cl = confidence interval.
'lnfluence analysis is the recalculation of summary indices for a set of studies, leaving out one study at a time.
bProbability of homogeneous study results, based on the x2 heterogeneity test statistic Q.6,28,30

Residential EMF/Childhood Leukemia
All Exposure Metrics and Cutpolnts

100.0 Wire Code Distance Magnetic
VLCC LCC HCC Unes Otl er Spot Day Calculate

l1X m BOrn m2mC >0.2 uT

10.0

0.

0 12 1 3 'M134I 4 4: 2 3 M
1 1471 L0 258211 2 7 3 780 4 5 1 45 3 6 41 0

field measurements, and the group of studies
using the largest P values. The results of the
combined probabilities test are similar to
those for the vote counting.

The results of the combined odds ratio
assessments, performed with both the fixed-
effects and random-effects models, show a

similar pattem. For 10 of the 12 groupings,
odds ratios were elevated, ranging between

1.14 and 1.90; for 7 of the 12, the 95% confi-
dence intervals excluded 1.0. These results
were not sensitive to the deletion of a single
study. The exposure groups that did not
show an elevated risk were the groups using
the spot magnetic field data and the group
using the largest probability from each study.

One of the most important uses of the
random-effects model is to explore study dif-

ferences when heterogeneity is present.6 The
combinations that showed statistically signif-
icant heterogeneity were the grouping of all
studies using the smallest probabilities and
the grouping of all studies using the highest
exposures. This effect may be due, in part, to
the different exposure metrics used across

studies, which likely reflect different aspects
of magnetic field exposure. When stratified

American Journal of Public Health 1791

TABLE 3-Results of Analysis of Studies Using Wire Codes (Low Current Configuration [LCC]) and Distance

FIGURE 1-Results of analyses of data from individual studies of the association between exposure to electric and
magnetic fields and childhood cancer and selected meta-analyses (see Results section).
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by exposure metric, none of the combina-
tions showed statistically significant hetero-
geneity, suggesting that statistics summariz-
ing all studies may be misleading.

Certain studies showed up repeatedly as
responsible for a substantial portion of the
heterogeneity. The Fulton et al. study had the
largest effect on analyses of studies using
wire codes or wire codes and distance.33 The
Tomenius study had the largest effect on
analyses of studies using spot measures or all
studies combined.39 The study of Fulton et al.
has been criticized for selection bias,40 and
that of Tomenius for exposure misclassifica-
tion.

Publicationi bias was assessed by the
fail-safe n. The faill-safe n suggests that for
the observed excess t( be due to publicatioi-
bias, there woi ha- ei ) have been at ieasc a
dezen unpubiis'ec, negative studies, except
for .hose grcu-ings consisting of very few
scidies. In view of tne strong interest in this
topic among scientists, it seems unlikely that
any investigator would have trouble getting
even a negative study published. Indeed, 2 of
the 11 published studies reported protective
results (i.e., odds ratios less than 1.0), and 8
of 11 did not have probabilities less than .05
for any exposure cutpoints, suggesting that
negative and nonsignificant results are read-
ily publishable.

The sample size needed to negate posi-
tive results is a measure of overall robust-
ness. Generally, a single study of more than
1000 subjects (500 cases) would be required
to balance the results of any of the meta-
analyses. To balance the results of the meta-
analysis of all studies combined, a sample of
more than 2000 subjects (1000 cases) would
be required. While some may view this
assessment as artificial (i.e., requiring a
study to show a protective rather than null
effect), the sample size needed is useful in
assessing the likely impact of another study
on the combined results.

Two contradictions remain: (1) Why do
the spot measures of magnetic field strength
not show an association with leukemia, even
though all the other exposure metrics do?
and (2) Why do the data not show a consis-
tent dose-response relationship? With
respect to the spot measures, consider 3
explanations. First, other exposure metrics
may be markers for the true risk factor, and
the true risk factor may not be related to
magnetic field strength (sometimes called
factor X). A number of plausible such risk
factors have been investigated, but none
have explained the association. Second,
other metrics may be more biologically rele-
vant measures of exposure than spot mea-
sures. They may be more representative of

I long-term, integrated averages of magnetic
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field strength or of some other aspect of
magnetic field exposure that causes disease,
for example, peak field strength, field vari-
ability, or time above a specific threshold.
Third, the relatively limited proportion of
individuals for whom direct measurements
of magnetic fields were obtained may have
resulted in bias (e.g., in the Savitz et al.
study, the rate was 64% [35% for cases]34; in
the London et al. study, it was 54% [60% for
cases]35; and in the study by Feychting and
Ahlbom, it was 62% [62% for cases]'4).

The inconsistency with regard to
dose-response relationship has not been
assessed in a statistically rigorous manner. A
comparison of altemative cutpoints must be
evaluated more carefully than by simply
comparing odds ratios.24 Possible explana-
tions for the observed distribution include
misclassification, low spot-measurement
rates, and unaccounted-for geographic varia-
tion in wire codes. Additional analyses using
more rigorous statistical methods (e.g.,
splines) may help to define the nature and
extent of the inconsistencies.

While this paper was in review, 4 addi-
tional reports were published on studies of the
possible relationship between exposure to
magnetic fields and childhood leukemia.4''4
The US study is the largest case-control study
on this topic conducted to date, with more than
600 cases and 600 controls; that study showed
no association of cancer risk with wire codes
but a positive association with measured mag-
netic fields.41'45-50 The German report, with
data pooled from 2 studies in different parts of
Germany, showed an association ofcancer risk
with measured magnetic fields.42'5' The Greek
study did not show an association of cancer
risk with any of 4 metrics using various func-
tions of voltage and distance from lines, nor
with modified wire codes.43 The Norwegian
study, a nested case-control study using calcu-
lated residential magnetic field exposures,
found no association between leukemia risk
and time-weighted average exposure.

When the results of these studies are
included in the meta-analysis, only small
changes are found. The wire code/distance
and calculated-exposure results moved
closer to the null, largely owing to the results
of Linet et al.4' and Tynes and Haldorsen.44
The spot-measure results moved from
slightly protective (i.e., an odds ratio less
than 1.0) to slightly risky (i.e., an odds ratio
slightly greater than 1.0), also owing to the
results of Linet et al.41 The results for the
combined grouping barely changed, reflect-
ing the insensitivity of the results to the
inclusion of new studies (unless they are
markedly disparate from previous studies);
this insensitivity is also reflected in the cal-
culations for publication bias and needed

sample sizes. None of the results changed in
terms of statistical significance, and the like-
lihood of publication bias for the positive
results decreased owing to the large size of
these additional studies.

Overall, the data provide relatively
strong and consistent support for a somewhat
weak elevated risk of leukemia for children
living in proximity to power lines. Another
case-control study would likely be very
expensive and only marginally informative.
Our understanding of this issue would best
be advanced by studies that address the
inconsistencies. A study of high-exposure
individuals, such as those living close to
high-voltage transmission lines or in homes
with high current configuration, might pro-
vide the most informative approach, increas-
ing the exposure gradient and thus the statis-
tical efficiency of the design. D
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